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Abstract 
In order to complete the 2013 U.S. Geological Survey (USGS) assessment of carbon dioxide (CO2) storage 
resources [1], a methodology was needed to determine the CO2 storage efficiency of individual rock strata [2]. The 
method that was used involved a storage efficiency approximation by MacMinn et al. [3], combined with a brine 
viscosity model by Mao and Duan [4], and thermal and pressure data from petroleum fields across basins [5]. The 
resulting efficiencies indicated that both salinity of the pore fluid and the thermal gradient have a strong effect on 
the amount of CO2 that strata could store. 
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1. Introduction 
In 2013 the U.S. Geological Survey (USGS) published a nation-wide assessment of carbon dioxide (CO2) storage 
resources within sedimentary strata [1]. As part of this assessment, it was necessary to develop a methodology to 
estimate the potential range of storage efficiency for each Storage Assessment Unit (SAU). An SAU is defined by 
the USGS as a “mappable volume of rock that includes two main components: (1) the storage formation which is a 
reservoir for CO2 storage, and (2) a regional seal formation.” [1] Storage efficiency, in the case of this USGS 
assessment, is defined as the fraction of accessible pore volume that will be occupied by injected CO2 [1].  
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As there were 192 quantitatively assessed SAUs in 33 different sedimentary basins, it was necessary to determine 
a method for estimating storage efficiency that could be applied consistently for each SAU. The USGS assessment 
differentiated between residual and buoyant storage of CO2. Buoyant storage is considered to be CO2 which could 
be held in place by a top and lateral seal (either a sealing formation or a sealing fault), creating a column of CO2 in 
communication across pore space. Residual storage is considered to be CO2 which could be trapped as discrete 
droplets, blobs, or ganglia of CO2 in a nonwetting phase, essentially immiscible with the wetting fluid, within 
individual pores, where the capillary forces overcome the buoyant forces. It was determined that the USGS should 
use fixed buoyant storage efficiency values, based on petroleum field observations and injection histories. 
Estimation of the residual storage efficiency had the greatest uncertainty in this assessment.  Determining the 
residual storage efficiency required a published calculation method that could employ available data, or adequate 
analog data that could be used in the same way for each SAU [2]. 
 
Nomenclature 
class 1 rocks with permeability greater than 1 Darcy 
class 2 rocks with permeability between 1 millidarcy and 1 Darcy 
krg  relative permeability of CO2 
M  mobility factor 
ppm parts per million 
SAU storage assessment unit 
Sgr  residual gas saturation 
Swc  connate water saturation 
TDS total dissolved solids 
Γ  capillary trapping number 
εS storage efficiency  
μg  viscosity of gas or supercritical fluid (CO2) 
μw  viscosity of water 
1.1. Background 
Attempts to define and estimate the residual trapping storage efficiency began with the numerical models of van 
der Meer [6]. Gorecki et al. [7] released a comprehensive report on storage efficiency as a function of lithology for 
the time at which CO2 injection stopped, but while the CO2 plume was still mobile. Szulczewski et al. [8] estimated 
efficiency numerically for both migration-limited and pressure-limited scenarios. Juanes et al. [9], MacMinn et al. 
[3], and Okwen et al. [10] have developed post-injection, post-plume migration, and post-imbibition (when water re-
enters the pore space after CO2 plume migration) storage efficiency models for capillary trapping. The USGS 
assessment evaluated the long-term, steady-state storage resource, and therefore post-migration and post-imbibition 
residual storage efficiencies were required. An assumption in the assessment methodology is that all injection 
projects will be engineered in such a way to optimize storage efficiency, while avoiding CO2 leakage from the 
storage formation. Thus, the impact of plume and formation morphology were not considered in the storage 
efficiency calculations; post-imbibition capillary trapping models were determined to best estimate residual storage 
efficiencies relevant to the USGS CO2 sequestration assessment.  
2.    Methods 
The MacMinn et al. model [3] can be used to estimate the residual trapping storage efficiency of a sloped 
reservoir where the interface between the storage formation and the sealing formation is not horizontal. Using the 
MacMinn et al. model [3], the residual storage efficiency due to capillary trapping of an entire SAU can be 
estimated using temperature and pressure gradients, depth ranges, irreducible water saturation at the leading edge of 
a mobile CO2 plume, the residual gas saturation at the trailing edge of the plume, and the relative permeability 
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between the CO2 and the existing pore fluids. The storage efficiency equation of MacMinn et al. [3] is an 
approximation that also allows for the estimation of storage efficiency uncertainty, which is important for the 
probabilistic assessment using ranges of input parameters and plotting the output values versus depth. The 
approximation equation of MacMinn et al. [3] for capillary trapping post-migration, post-imbibition storage 
efficiency, SH , is  
 
]49.09.0/[2 * MSH  (1) 
 
where Γ is the capillary trapping number and M is the mobility factor. The capillary trapping number is defined as 
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where Sgr is the residual gas saturation after imbibition and Swc is the connate water (pore fluid) saturation, also 
known as the irreducible water saturation [3]. The mobility factor (M), derived from MacMinn et al. [3] is 
 
gwrgkM PP /  (3) 
 
where krg is the relative permeability of the mobile CO2 phase with a value between zero and one, μg is the viscosity 
of CO2, and μw is the viscosity of water. Equation 3 is valid under the assumption used in MacMinn et al. [3] 
whereby the mobility in the reservoir region containing residually trapped CO2 is equal to the mobility in the 
reservoir region that contains the mobile CO2 plume. The mobility factor in the efficiency equation approximates 
fluid flow of a nonwetting fluid phase and is similar to the term “sweep efficiency” in enhanced oil recovery 
parlance. The sweep efficiency is an estimate of how much of a porous medium will be invaded by the nonwetting 
phase. 
The values of krg, Sgr, and Swc are taken from experimental work [11-15] and modeling efforts [8-10,16,17]. The 
values used for highly permeable rocks (“class 1”, permeability greater than 1 Darcy) are krg= 0.6, Sgr = 0.25, and 
Swc = 0.4, and most common rocks (“class 2”, permeability between a millidarcy and a Darcy) are krg = 0.6, Sgr = 0.3, 
and Swc = 0.4. The class 1 rocks have a slightly lower Sgr based on the assumption that less CO2 would be trapped 
during imbibition in high permeability rocks. Higher permeability rocks have fewer instances of “snap off,” where a 
portion of a nonwetting phase becomes disconnected from the mobile phase, typically along the trailing edge of a 
plume. The viscosities of CO2 and water were calculated from temperature and pressure data from petroleum 
reservoirs within the United States [5] using the equation of state by Span and Wagner [18] for CO2, Wagner and 
Pruss [19] for pure water, and Mao and Duan [4] for brines. The Mao and Duan model [4] determines the viscosity 
of water with varying molalities of sodium chloride (NaCl), which is used as a proxy for the viscosity of more 
complex brines. Because salinity data for each petroleum field were not available, an average salinity value was 
assumed for each basin and used for each storage efficiency calculation within that basin. Average salinity values 
were estimated by the assessment geologist using available salinity data from each sedimentary basin. 
Residual storage efficiencies (equation 1) were then calculated using temperature and pressure values from each 
petroleum reservoir within each basin [5]. These efficiency values were plotted versus the depth of the petroleum 
reservoir to create efficiency gradients within each basin in order to estimate the range of potential storage 
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efficiencies at different depth ranges. The within-basin storage efficiency factor variation was much greater than any 
variation resulting from considering different lithologies.  
 
3. Example – Anadarko Basin 
Anadarko Basin data [5] are used here to illustrate the method. The data used were depth, temperature, and 
pressure values for petroleum reservoirs within all strata in the basin. The reason for using all the data without 
regard to the host strata is that the thermal and pressure gradients were assumed to be broadly similar for all strata 
within the basin. Using these petroleum field data would then give an approximation of the actual thermal and 
pressure gradients within the basin. The data from each petroleum field were used to calculate the viscosity of CO2 
and aqueous fluid for each depth value. A single value was chosen for the average salinity of all water within each 
individual formation. A range of values would have been more consistent with the probabilistic nature of the USGS 
CO2 storage resource assessment methodology but it was not feasible with the fixed depth, temperature, and 
pressure values for each petroleum field  
 
(a)  (b)    
(c)  
Fig. 1. (a) Anadarko basin thermal values; (b) Anadarko basin pressure values; (c) Anadarko basin storage efficiency values. 
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The temperature and pressure values versus depth are shown in Figure 1a and 1b, along with a moving average. 
Based on available water chemistry data, an average value of 100,000 parts per million (ppm) total dissolved solids 
(TDS) NaCl was chosen for the Anadarko Basin. The storage efficiency values shown in Figure 1c are for class 2 
rocks within the Anadarko Basin. There is significant scatter in the data, especially with the pressure values, which 
is to be expected from real-world geological-data; however, there is a trend. At shallow depths, the storage 
efficiency values are low, mirroring the temperature and pressure values. As temperature and pressure increase, the 
storage efficiency increases as well. The increasing storage efficiency values are due to the changes in the viscosity 
of water and CO2 as the temperature and pressure within the basin increase with depth.  
4. Viscosity, Salinity, and Storage efficiency 
In order to determine the effect of temperature and salinity on the viscosity of CO2 and water, and the 
corresponding effect on the calculated storage efficiency values, several viscosity trends were calculated. Viscosities 
of CO2, waters with salinities of 50,000, 100,000, 200,000, and 300,000 ppm TDS, and pure water were calculated 
based on thermal gradients of 15ºC, 25ºC, and 35ºC per kilometer and a pressure gradient of 10 MPa per kilometer. 
These viscosities were then used to calculate storage efficiency value trends with depth. The results of the 
calculations are plotted in Figure 2.  The viscosity values of all the waters decrease with depth, and approach the 
viscosity of CO2, which increases slightly with depth (Figure 2a, 2c, and 2e). The viscosity trend of the pure water 
comes closest to the CO2 viscosity trend and the difference between the aqueous and CO2 fluid viscosities increases 
with higher salinity values. The only values in the storage efficiency equation (1) that are not fixed are the viscosity 
terms in the mobility value (M). The mobility value varies due to changes in the ratio of the viscosity of the host 
fluid (brine) relative to the CO2 trying to enter the pore space. As the viscosity of the CO2 in the mobile plume 
approaches that of the host pore fluid, the CO2 can more easily displace the host fluid allowing the CO2 to enter the 
pore space. A decrease in the difference between the viscosity of the CO2 and aqueous fluid leads to an increase in 
the mobility factor; the higher the mobility factor, the greater the percentage of the pore space that CO2 can invade. 
The more pore space that the CO2 can enter, the greater the amount of CO2 stored via residual trapping.  
However, increasing salinity of the pore fluid leads to higher viscosity values for the pore fluid, which causes a 
decrease in the mobility factor, which in turn leads to a lower storage efficiency value (Figure 2b, 2d, and 2f). Using 
a pure water viscosity for storage efficiency calculations, or for any multiphase fluid modeling, can lead to 
significant overestimations of the mobility of CO2 in the subsurface. 
5. Discussion and Conclusions 
Calculated storage efficiency values for class 2 rocks in the USGS assessment [1] ranged from 1.35% to 10.8%, 
with mean values ranging from 1.35% to 8.8% [20], and for class 1 rocks ranged from 1.35% to 8.1%, with mean 
values ranging from 1.35% to 6.5% [20]. The SAUs were defined based on depth, with standard SAUs being 
between 3,000 and 13,000 feet (914-3962 m) below the surface, and deep SAUs from 13,000 feet (3962 m) below 
the surface to the base of the SAU. Deep SAUs had higher storage efficiencies, with values of class 2 rocks ranging 
from 5.75% to 22%, with mean values ranging from 8% to 15% and class 1 rocks ranging from 4% to 17%, with 
mean values ranging from 6% to 12% [20]. The storage efficiency values for the deep SAUs were higher because of 
the viscosity trends that can be seen in Figure 2, whereas the shallowest SAUs that have the highest salinity have the 
lowest storage efficiencies. The USGS CO2 storage resource assessment [1] was accompanied by a data publication 
[20] containing all of the input values for each SAU, including the range of storage efficiency values calculated for 
each SAU. A table from that publication [20] that contains each input used in the USGS CO2 storage resource 
assessment [1] can be downloaded directly (http://pubs.usgs.gov/ds/774/tables/Table_1.xlsx). 
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(a)  (b)  
(c)  (d)  
(e)  (f)  
Fig. 2. (a) Viscosities for 15ºC/km; (b) Storage efficiency values for 15ºC; (c) Viscosities for 25ºC/km; (d) Storage efficiency values for 25ºC; (e) 
Viscosities for 35ºC/km; (f) Storage efficiency values for 35ºC. 
 
The USGS methodology takes into account the temperature, pressure, and salinity of individual sedimentary 
basins when determining the storage efficiency values, which in turn provides greater confidence in the overall 
storage assessment resource estimates. The results of USGS methodology, beyond providing the storage efficiency 
values for 192 separate SAUs, has provided information that can be used to understand fluid behavior in CO2 
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storage settings. A common belief in CO2 storage modeling is that the viscosity of brine and pure water were both so 
much greater than the viscosity CO2 in subsurface storage conditions that the difference between the viscosities of 
brine and pure water were not important to incorporate into fluid models. However, in the process of calculating the 
USGS storage efficiency values, it has become clear that this common belief should be revisited, as the viscosity of 
brine could be significantly greater than that of pure water. Finally, storage efficiency values are much higher for 
deep storage formations, especially those with low salinity such as in the northern Rocky Mountains of the United 
States; therefore, high-pressure, high-thermal gradient, and low-salinity settings may be a target for more 
experimentation and field tests in the future.  
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